T he phosphatidylinositol 3-kinase [PI (3)K]͞Akt signaling is a critical mechanism in neuronal survival (1) (2) (3) , and its regulation by external stimuli has been well documented (4) . Docosahexaenoic acid (DHA, 22:6, n-3), a long-chain n-3 polyunsaturated fatty acid, is highly enriched in the nervous system (5) . Inadequate supply of n-3 fatty acids during prenatal and postnatal development decreases the levels of DHA in neuronal tissues with a reciprocal increase of docosapentaenoic acid (DPA, 22:5 n-6) (6), leading to a variety of visual, cognitive, and͞or behavioral deficits in animal models (7) (8) (9) . Conversely, dietary supply of DHA during infancy has been shown to improve mental development in humans (10, 11) . In addition, it has been indicated that low levels of DHA in brain are associated with neurodegenerative diseases, such as generalized peroxisomal disorders (12) and Alzheimer's disease (13) . Furthermore, DHA supplementation has been shown to alleviate symptoms in some patients with peroxisomal disorders (14) , prevent dendritic pathology observed in Alzheimer's disease mouse models (15) , and reduce neuronal injury in experimental brain ischemia (16, 17) . Although all this evidence indicates the beneficial effect of DHA and suggest a requirement of DHA accretion in neuronal cells, underlying mechanisms are not well understood.
In neuronal membranes, DHA particularly accumulates in aminophospholipids, phosphatidylethanolamine, and phosphatidylserine (PS) (5) . The phospholipid composition of eukaryotic biomembranes is stable and difficult to be perturbed (18) . Nevertheless, evidence shows that DHA can modulate the PS levels in vivo and in vitro. For example, intraamniotic injection of DHA during pregnancy can increase PS in a newborn rat brain (19) . Similarly, DHA supplementation in cultured glia or neuronal cells has been shown to increase PS content (20, 21) . In contrast, depletion of DHA under n-3 fatty acid deficiency led to a reduced PS level in neuronal tissues, including rat brain cortex, hippocampus, pineal, and olfactory system (22) (23) (24) , despite the compensatory replacement of DHA with DPA. Consistently, DHA containing phospholipids were found to be the preferred substrate to DPA species for PS biosynthesis (25) .
It has been reported that DHA promotes survival of rat retinal photoreceptors during development in vitro (26) . We also have shown that neuronal apoptosis induced by trophic factor removal or staurosporine treatment is inhibited by DHA, and its ability to promote PS accumulation in cell membranes is important for this effect (21, 27) . All of this evidence suggests a unique role of DHA in neuronal membranes by modulating PS levels and subsequent signaling events involved in cell survival. In this regard, studying the role of DHA in survival signaling processes may provide a mechanistic basis supporting the beneficial effects of DHA observed in neurodegenerative diseases. An insight for the essential role of DHA and the adverse implication of n-3 fatty acid deficiency may be gained by investigating the differential effect of DHA and DPA on survival signaling affected by PS. 21 . Nonenriched controls received the similar treatment, but fatty acids were omitted. Vitamin E alone influenced neither the phospholipid content nor cell survival under our experimental condition. In some experiments, serine was depleted from the cell culture medium for Ϸ1 week before supplementation. Cells were seeded on six-well plates or Delta T4 dishes (Bioptechs, Butler, PA) for time-lapse studies. Neuro 2A cells were transfected with GFP-AktPH (a kind gift from Tobias Meyer, Stanford University, Stanford, CA) or its mutants (R15A, K20A, R67A, and R69A, mutations made at Veritas Laboratory, Rockville, MD) by using Lipofectamine 2000 (Invitrogen) and supplemented with fatty acids after 12 h of recovery. After 48 h of supplementation, cells were used for microscopy, harvested for phospholipid analysis, or serum starved for 2 days to induce apoptosis in the presence or absence of inhibitors. Caspase-3 activity was measured as described in ref. 21 . Before stimulation with insulin-like growth factor (IGF)-1, cells were serum starved for 14 h.
Materials and Methods

PS Molecular Species Analysis by HPLC-Electrospray Ionization (ESI)-
MS. PS molecular species were separated and determined by using reverse-phase HPLC-ESI-MS with a C18 column (150 ϫ 2.0 mm, 5 mm) as described in ref. 21 .
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*To whom correspondence should be addressed. E-mail: hykim@mail.nih.gov. TUNEL Assay. The apoptotic nuclei containing free 3ЈOH termini in DNA were detected by using TUNEL assay kit (In Situ Cell Death Detection, Roche Applied Science Indianapolis). Hippocampal neurons were counterstained with hematoxylin (Sigma) before mounting.
Animals, Diet, and Hippocampal Cultures. Pregnant females (250-300 g), Sprague-Dawley rats from Charles River Laboratories, Portage, MI) were fed for 16 days with two different diets from the second day of pregnancy with AIN-93 based diets, containing 0.04% or 3.1% ␣-linolenic acid (18:3n-3) for the n-3 fatty acid deficient or adequate diet, respectively (28) . Embryonic hippocampal cells were obtained from embryonic day 18 rat hippocampi, and cultured in neurobasal medium with N2 supplements as described in ref. 28 , with an exception that the cell density used in this study was 60,000 cells per cm 2 . After 4 days, in vitro cells were deprived of trophic factors for 15 h to induce apoptosis.
EGFP-AktPH Translocation and Image Analysis.
Translocation of EGFP-AktPH was monitored by fluorescence microscopy by using an inverted semimotorized IX81 Olympus (Melville, NY) microscope with a GFP filter and a ϫ60 oil objective. Cells were stimulated with IGF (10 ng͞ml) at 35°C, maintained with a Delta T4 culture dish controller (Bioptechs). After recording the initial image, medium was exchanged with IGF-containing buffer, and time series of images were recorded every 30 seconds from 1.5 min after the IGF addition with a Roper coolsnap FX 12-bit 20-MHz camera (Roper Scientific, Trenton, NJ). The time series were analyzed by using MICROSUITE (Soft Imaging System, Lakewood, CO). The ratio [R ϭ (plasma membrane fluorescence Ϫ cytosolic fluorescence)͞cytosolic fluorescence] representing the relative increase of fluorescence intensity in the plasma membrane over the cytosol (29) was calculated in three to five cells per condition. The R values obtained were normalized to the plateau value and then averaged. The R values presented in Fig. 7 , which is published as supporting information on the PNAS web site, were not normalized to clearly indicate the lesser degree of EGFP-AktPH translocation in the mutant cells.
In Vitro PI (3)K Assay and Endogenous PIP3 Formation. In vitro PI (3)K assay was performed as reported by Varticovski et al. (30) . Cell lysate (0.8-1 mg of protein) was incubated with anti-PI (3)K p85 antibody conjugated to agarose (Upstate Biotechnology, Lake Placid, NY) overnight at 4°C. Immunoprecipitated PI (3)K was incubated with 4 g of phospholipids (PI, PIP, PIP 2 , and PS) in the presence of 25 Ci (1 Ci ϭ 37 GBq) [ 32 P]ATP (PerkinElmer) for 20 min at 37°C. Endogenous phospholipids were metabolically labeled according to Traynor-Kaplan et al. (31) . Briefly, Ϸ1.2 ϫ 10 6 cells per sample were labeled with 12.5 Ci H 3 32 PO 4 (PerkinElmer) in Hepes buffer for 1 h, washed, and stimulated with 10 ng͞ml IGF for the indicated time periods. Total lipids were isolated, separated on TLC as reported in refs. 30 and 31, and PIP 3 formation was identified by exposing the TLC plate to x-ray film.
RT-PCR Analysis. Total RNA was isolated by using TRIzol reagent (Life Technologies, Rockville, MD) for the synthesis of first-strand cDNA by using Superscript III RT (M-MLV Reverse Transcriptase, Life Technologies) according to manufacturer's protocol. For PCR (PCR master mix, Roche Molecular Biochemicals), the following primers were used: PSS1 forward primer (5Ј-GGC CAT GAA GGC CTT GTT GAT CCG TAG T-3Ј, a 28-mer positioned at 1207-1234) and reverse primer (5Ј-TAT GAA TGT CCT TGA AGC TTG CCC A-3Ј, a 25-mer positioned at 1442-1418); PSS2 forward primer (5Ј-GGC TGG GCA TCT ACT GTG G-3Ј, a 19-mer positioned at 815-833) and reverse primer (5Ј-GTA GAA GGG CAG TGA CAG G-3Ј, 1284-1266). G3PDH primers (Clontech) were used as the positive control by providing a 0.45-kb band. A band of 235 and 469 base pairs of PCR products were visualized on 2% agarose gel stained with ethidium bromide (Sigma) for PSS1 and PSS2, respectively.
Results
Inhibition of Apoptosis by Polyunsaturates Is PS-Dependent. It is well known that most cells in culture contain very low levels of longchain highly unsaturated fatty acids such as DHA because of the lack of ␦ 4-desaturation activity (32) . Neuro 2A cells contained DHA and DPA at a minor level, each Ͻ1% of the total fatty acid. By enriching the cells with 25 M DHA for 48 h, the DHA level was raised up to 15-16%, the approximate level normally found in neuronal membranes. Because DPA replaces DHA in n-3 fatty acid deficiency, the cells were supplemented with DHA and DPA at various ratios to model the varying extent of n-3 fatty acid deficiency. DHA and DPA differentially affected the PS accumulation and neuronal survival under a serum starvation condition (Fig. 1) . The cells enriched with DHA or DPA alone showed significantly higher levels of the total PS in comparison to the nonenriched control ( Fig. 1 A) . However, the level of PS attained by DPA was Ͻ80% of that observed with DHA enrichment. As the proportion of DHA with respect to DPA increased, a gradual enhancement in the total PS content was observed, in agreement with the previous report that DPA phospholipids are less effective than DHA species as substrates in PS biosynthesis (25) . The protective effect against apoptotic cell death evaluated by caspase-3 activity gradually increased with increasing DHA proportion (Fig. 1B) , indicating that the PS content and antiapoptotic effect correlated well. The apoptotic cell death evaluated by in situ DNA fragmentation showed consistent results ( Fig. 1 C and D) . DHA enrichment significantly decreased the serum starvation-induced TUNEL positive cells in comparison with the nonenriched control. Cells enriched with DPA also contained a reduced number of TUNEL positive cells, however, to a lesser extent, again confirming the correlation between the PS content and the antiapoptotic effect. Depleting serine from the enrichment media significantly reduced the PS increase caused by DHA or DPA (Fig. 1E ), in agreement with the serine requirement for the mammalian PS synthesis by using the serine-base exchange reaction (33) . The protective effect of these polyunsaturated fatty acids against cell death was accordingly diminished in these cells, indicating that PS accumulation is primarily responsible for the protective effect of both DHA and DPA. Silencing the pss1 and pss2 genes, which are the responsible enzymes in PS biosynthesis, decreased their mRNA levels considerably (Fig. 1F) . However, the gene silencing affected neither the PSS protein level nor the PS accumulation increased by DHA. Only the cells enriched with DHA in a serine-depleted condition showed inhibited PS accumulation. The data suggest that these very longchain polyunsaturated fatty acids are uniquely capable of expanding the PS pool in living cells. This observation is consistent with the fact that neuronal tissues, which are abundant with DHA, contain higher levels of PS in comparison with nonneuronal tissues (34, 35) . It is also in agreement with the PS reduction previously observed selectively in neuronal tissues with n-3 fatty acid deficiency Protection by DHA Is PI (3)K-Dependent. When cells were incubated with PI (3)K inhibitors such as wortmanin (WM) and LY-294002 (LY), the protective effect of DHA enrichment shown by the suppressed caspase-3 activation was completely abolished, indicating that PI (3)K pathway is required for the protection by DHA (Fig. 2 A and B) . Phosphorylation of Akt at Thr-308 and Ser-473, the consequence of PI (3)K activation (36), was significantly reduced by serum starvation and enrichment of cells with DHA before serum starvation, partially prevented the reduction of Akt phosphorylation at Thr-308 and Ser-473 (Fig. 2B) . In vitro kinase assay by using immunoprecipitated Akt consistently revealed the reduction of Akt activity under serum starvation, which was partially rescued by DHA enrichment (Fig. 2C) . These data indicate that DHA's antiapoptotic effect was mediated through the PI (3)K͞Akt pathway.
DHA Facilitates Akt Translocation.
To determine the target of the PSand PI (3)K͞Akt pathway-dependent protection by DHA, we examined the translocation of Akt, the prerequisite step for the phosphorylation and activation of Akt (37) . Akt translocation, resulting from the interaction between the PH domain of Akt and the plasma membrane PIP 3 generated by PI (3)K activation, was evaluated by using the PH domain of Akt tagged with the enhanced green fluorescence protein (EGFP-AktPH) (38) . Upon stimulation with IGF, Neuro 2A cells enriched with DHA and DPA showed considerably faster translocation in comparison with the nonsupplemented control (Fig. 3 A and B) . The ratio [R ϭ (plasma membrane fluorescence Ϫ cytosolic fluorescence)͞cytosolic fluorescence] was used to represent the relative increase in the fluorescence intensity at the plasma membrane over the cytosol as reported elsewhere (29) . Whereas translocation of EGFP-AktPH to the plasma membrane reached a plateau at Ϸ5.5 min in control cells, cells enriched with DHA or DPA GFP-AktPH showed such translocation within 2.5 or 3.5 min, respectively. The faster translocation observed in DHA and DPA enriched cells was due to the PS concentration, because the inhibition of PS accumulation by depleting serine from the enrichment media prevented the facilitated translocation observed in these cells (Fig. 3B) . Therefore, the differential ability to raise the PS concentration by DPA with respect to DHA is likely responsible for the slower translocation observed in DPA-enriched cells in comparison with DHA-enriched cells. Movies 1 and 2, which are published as supporting information on the PNAS web site, show faster translocation of EGFP-AktPH in DHA-enriched Neuro 2A cells upon IGF stimulation in comparison with nonenriched control cells.
The high resolution crystal structure has indicated that besides the binding pocket for PIP 3 , the PH domain of Akt contains basic residues, Arg-15, Lys-20, Arg-67, and Arg-69, which form a flat surface for a possible interaction with acidic membrane phospholipids (39) . We observed that the mutation of Arg-15 or Lys-20 to Ala resulted in the complete inhibition of EGFP-AktPH translocation in response to IGF at concentrations of up to 1 g͞ml (Fig.  3C ). Because these basic residues are located near the phosphatidylinositol triphosphate (PIP3) binding pocket, the lack of translocation is most likely due to structural changes at the PIP3 binding site caused by the mutation. When Arg-67 or Arg-69, which are located further away from the PIP3 binding pocket, were mutated to Ala, translocation did occur, but to a far lesser degree in comparison to the wild type (Figs. 3C and 7) . DHA supplementation did not produce any significant effect in these mutants, supporting the suggested interaction of these basic residues with acidic membrane components, in this case PS, and its importance for the observed acceleration of Akt translocation by DHA.
The observed faster translocation of EGFP-AktPH should be translated into faster Akt phosphorylation (37) , because the consequence of Akt translocation from cytosol to plasma membrane is its phosphorylation. As indicated by the Western blot data in Fig.  3D , both nonenriched control and DHA-enriched cells showed time-dependent phosphorylation of Akt at Thr-308 upon IGF stimulation. In agreement with the observed faster translocation of EGFP-AktPH, Akt phosphorylation was considerably faster in 32 PO4 for 1 h and stimulated for indicated time periods. In both experiments, total lipids were extracted, separated on TLC plates, and exposed to x-ray film. Representative radiographs from two independent experiments are shown. (Fig. 3D) .
DHA-enriched cells in comparison with nonenriched control
DHA Has No Effect on PI (3)K Activation.
The faster translocation and phosphorylation of Akt observed in DHA-enriched cells could reflect the possible effect of DHA enrichment on the signaling events, which are upstream of Akt translocation. However, the data from in vitro kinase activity of immunoprecipitated PI (3)K shown in Fig. 4A indicated that PI (3)K was similarly activated in nonenriched control or DHA-enriched cells in response to IGF stimulation. In addition, endogenous PIP 3 formation monitored by metabolic 32 P labeling (31) followed virtually the same time course for both control and DHA-enriched cells (Fig. 4B) . These data clearly demonstrate that it is not the upstream events preceding Akt translocation but the Akt translocation to plasma membrane itself that is affected by DHA enrichment in survival signaling.
In Vivo DHA Depletion Promotes Neuronal Cell Death. Based on the PS-dependent survival signaling observed in transformed cells, the implication in neuronal survival of the in vivo PS reduction, resulting from the depletion of DHA under n-3 fatty acid-deficient condition, was examined by using embryonic day (E)18 hippocampal primary cultures. When pregnant female rats were fed with an n-3 fatty acid-deficient diet from the day 2 of pregnancy, reciprocal replacement of DHA by DPA was observed in E18 fetal hippocampi although the DHA accretion was low (3.3%) at this stage of development (Fig. 5A) . Consistently, the PS content in the fetal hippocampi from the n-3 fatty acid-deficient group was lower by 15% in comparison with the n-3 fatty acid adequate group (Fig. 5A) . The spontaneous apoptosis under basal condition was slightly but significantly higher in hippocampal primary culture from n-3 fatty acid-deficient animals in comparison with the n-3 fatty acid adequate culture (32% vs. 25%) (Fig. 5B) . Under trophic factor withdrawal condition, a dramatic increase in cell death (42%) was observed in n-3 fatty acid-deficient cultures, whereas n-3 fatty acid adequate cultures did not show significant increase from the basal level, as indicated by the representative micrographs in Fig. 5C . The increased susceptibility to cell death in DHA-deficient neurons where PS was reduced is consistent with the PS-dependent protection by DHA against neuronal apoptosis observed in Neuro2A cells.
Discussion
Our present data demonstrate that PS levels were in direct correlation with the DHA content in neuronal cells. The protection against apoptotic cell death induced by serum starvation was sensitive to the PS level altered by the DHA status. The increase of PS by DHA resulted in faster translocation and phosphorylation of Akt without altering PI (3)K activation, indicating that translocation of Akt is the target for the PS involvement in survival signaling pathways. DPA is less effective than DHA in increasing PS levels, resulting in less-efficient translocation of Akt and less protection from cell death. Our current data represent a mechanistic demonstration that membrane modification introduced by DHA influences a targeted event in survival signaling.
The PS level in mammalian cells is difficult to perturb, as evidenced by the little changes in PS levels, even after inhibiting proteins or knocking out the genes responsible for PS biosynthesis (40, 41) . Considering the well established notion that changes in the phospholipid proportion are not easily introduced (18) , unlike fatty acyl composition within phospholipids, the modulation of the PS pool in neuronal membranes by the DHA status appears to be a unique mechanism, allowing the disruption of membrane homeostasis in living animal cells. Previous demonstration that DHA is readily released from astroglia and supplied to a neuron (42, 43) suggested a trophic action of DHA. In agreement with this suggestion, DHA enrichment supports the neuronal survival by preventing apoptotic cell death under adverse conditions (21) . The antiapoptotic effect of DHA depends on its ability to accumulate PS in neuronal membranes, because depletion of serine during the enrichment or decreasing the DHA proportion by replacing it with DPA, a less favorable substrate for PS synthesis (25) , significantly diminished the antiapoptotic capability. These data strongly suggest that PS accumulation by DHA in neuronal membranes is an important aspect in transmitting the survival signal.
The role of Akt, a downstream effector of PI (3)K pathway, in cell survival has been extensively studied (1-4) . The abolition of DHA's antiapoptotic effect by PI (3)K inhibitors observed in this study indicated the role of PI (3)K͞Akt in DHA-mediated protection in neuronal survival under a serum-free condition. Moreover, DHA enrichment partially prevented the reduction of Akt phosphorylation and activity caused by serum starvation, suggesting that DHA promoted cell survival by assisting in the maintenance of basal Akt activity under an adverse condition.
Membrane translocation is an event that is prerequisite for the full activation of Akt (33) by enabling successive phosphorylation at Thr-308 and Ser-473 with kinases such as PDK (44, 45) . The faster translocation of EGFP-AktPH and Akt-phosphorylation observed in DHA-enriched cells are likely due to the interaction of accumulated PS with the PH domain of Akt, because such effect was PS-dependent and observed only for the Akt-translocation and phosphorylation, but not at the PI (3)K activation level. Similar unspecific ionic interaction of the PH domain of ARNO (46) with membrane PS has been reported. Also, the involvement of PS in other signaling pathways such as Raf-1 and PKC activation (21, 47, 48) has been documented, and the importance of the PS as the potential switch for the GTPase substrate preference for GTPase activating protein has been recently demonstrated (49) . The interaction between PS and Akt was supported by the abolition or significant reduction of translocation after the mutation of the basic residues, which have been suggested to interact with negatively charged membrane surfaces (39) . It appears that translocation of Akt to the plasma membrane is neither efficient nor stable upon interaction with PIP 3 only but also requires the interaction with acidic phospholipids in membrane apart from the PIP 3 binding pocket (39) . The PS-dependent acceleration of Akt translocation͞ activation may be particularly important for cell survival under suboptimal conditions, such as in trophic factor depleted condition where PIP 3 generation is limited. Fig. 6 summarizes the effect of DHA in survival signaling. DHA enrichment in neuronal membranes increases PS. Increasing the membrane PS concentration promotes the interaction of the PH domain of Akt with the plasma membrane, facilitating translocation and phosphorylation of Akt. The phosphorylation and activation of Akt facilitated by the membrane PS-Akt interaction suppress caspase-3 activation and cell death, thus promoting cell survival, especially under conditions where PIP3 generation is diminished. Under those adverse conditions, cell death due to the reduction of PIP3 signaling may be rescued by the high content of PS in neuronal membranes. In this regard, the capacity to concentrate membrane PS by DHA is an important determinant for modulating survival signaling. DPA that replaces DHA under n-3 fatty acid deficiency is as effective as DHA neither in accumulating membrane PS nor in facilitating Akt activation, consequently compromising survival signaling. The cell survival inadequately supported, especially under stressed conditions, may have a significant implication in neurological deficit often observed in n-3 fatty acid deficiency. This mechanism may also provide an explanation to the previously reported protective effect of DHA in brain ischemia and Alzheimer's disease, although other mechanisms such as neuroprotectin formation (50) and antioxidant defense (16) also might contribute to neuronal survival.
